Abstract: Laser scanning is a high-end technology with possibilities far ahead the well-known civil engineering and industrial applications. The actual geomatic technologies and methodologies for cultural
INTRODUCTION
In the last decade, according to UNESCO Charter on the Preservation of the Digital Heritage 2003 [1] , the resources of human knowledge or expression, whether cultural, educational, scientific and administrative, and other kinds of information are increasingly created digitally or converted into digital form from existing resources. Nowadays great efforts are dedicated to improve digital documentation technology in order to transmit knowledge to our future generations. In fact, world's digital heritage is at risk of either being lost or being damaged. Without any doubt, appropriate digital heritage recording techniques are required to measure the state and condition of objects, monuments and sites.
There is a wide variety of techniques for three-dimensional measurement. The selection of the right technique should be based on the scale, the size and the complexity of the object [2, 3] . Photogrammetry and laser scanning are widely used to provide large number of measurements and are usually suitable for simple and complex objects depending on the approach. Image-based photogrammetry, extracting 2D information from single imagery or 3D information from either stereoscopic plotting or automatic image matching techniques, provide geometric information and texture of the object's surface; range-based laser scanning, from a static position on the ground (terrestrial laser scanner) or from a moving platform such as an aircraft, unmanned aerial vehicle (UAV), or mobile mapping systems are becoming widely used, namely in combination with imagery, and considered as an efficient alternative to traditional survey techniques.
Laser scanning is increasingly used to collect a large quantity of three-dimensional data in a short time, generating a point cloud with intensity values in a local coordinate system; additional information such as RGB values is usually provided by internal or external digital cameras. Laser scanning is generally used to record surface information to generate not only 3D models but also 2D sections, profiles and plans. It contributes to improve either the geometric study of the monuments "as are", the rigorous analysis of complex sites, the understanding of complex shapes, and, last but not least, the dissemination on multimedia platforms [4, 5] .
Recently many approaches suggest the integration of the different techniques to improve the resolution of the 3D model, the accuracy of the objects, the definition of geometries and/or the colour enhancement [6, 7, 8, 9] . The accurate recording in 3D of dimensions and shapes is essential in projects related to the restoration and documentation process. It allows users to explore the state of conservation of the structures, monitoring them over time. The complexity of multiple forms of archaeological sites and monuments and his cultural interest requires a high level of geometric detail and colour. Nowadays, the technology is used for many different applications like archaeological site surveys [7, 8] , digital conservation and creation of digital 3D repositories [10, 11] , Web geographic systems [12] , etc. The integration of image-based and range-based solutions allow the generation of very realistic and accurate results in terms of geometry and texture, enabling to analyze shape and dimensions at high resolution. The 3D survey and modelling of complex objects at different resolutions is realistically possible preferably carrying out multi-resolution approaches, preferable for complex, detailed and large cultural heritage [13, 14, 15] . 
"Defensas I" Arcadi Blasco Pastor 2003
For this sculpture the point cloud was acquired from two opposite scan positions with a distance to the sculpture of 7.5 m and 4 m, respectively. The resolution of each scanning was set to 5 mm on the object's surface. A mean absolute error of 3 mm was achieved within the registration process. A point cloud of about 1400000 points ( Figure 3a ) was used to create the 3D model.
"Mentoring" Stephen J. Daly 2003
For this sculpture the point cloud was acquired from four scan positions with a distance to the sculpture of 14.9 m, 41.7 m, 51.7 m and 50.3 m, respectively. The resolution of each scan world was 5 mm on the object's surface. A mean absolute error of 2 mm was achieved within the registration process. A point cloud of about 1083670 points (Figure 3b ) was used to create the 3D model.
TERRESTRIAL LASER SCANNING WORKFLOW

Registration
Leica Cyclone Register 6.0 software was used to align all the scans in a single and common coordinate system. It was performed following a target-to-target registration, by means of the artificial targets, and a cloud-to-cloud registration, manually picking corresponding points in the clouds. Point clouds were exported in the Leica .PTS interchange format. a b For the former, a 0.1% of the total number of points was deleted; for the latter, all the isolated points separated more than 1.5 cm were deleted. Meshing/triangulation: this step involved data triangulation to derive a 3D triangular mesh. A "good" mesh would be the one that keeps only the useful and valid points. Two criteria are used to achieve this goal. First, a quality criterion based on the noise of the measuring system. With this first criterion the idea is to keep only the most "right" points, eliminating the points that are above or below a theoretical surface. Second, a geometrical criterion: the system will keep points in the areas of high curvature based on a deviation error, which is the maximum distance between the theoretical surface and the triangulated irregular network. Figure 5 displays the way both criteria work on an idealized undulated surface [18] . The effects of the parameterization with the deviation error are presented in Section 4. 
Texturing
3DReshaper 5.3 Software was used to drape the texture to the 3D models, using images from an off-the-self digital camera, the Canon Powershot G11 at maximum resolution (10 MPixel). The position, the orientation and the inner parameters of the camera were determined during the orientation performance after selecting a minimum of three homologous points between the 3D surface and the corresponding images ( Figure 8 ). As the digital camera was not calibrated beforehand, six to eight homologous points were measured on each picture in order to obtain the best orientation adjustment. The final results achieved for the two sculptures can be visualized in Figure 9 . The number of pictures draped onto the 3D model was three for "Defensas I"; more images were needed for "Mentoring" due to the complexity of the upper part (four for the main body and eight for the details). 
MESHING AND SMOOTHING ANALYSES
One of the most critical steps for creating the 3D mesh is to choose the appropriate parameters regarding noise reduction and deviation error (Fig. 5) . Noise reduction depends on the measurement noise of the laser scanner as well as on the sampling resolution. Unless there is oversampling or obvious noise in the data acquisition, the critical parameter for modelling is the deviation error. Figure 10 displays the point cloud and the image patch counterpart that was used to determine the best meshing parameters to model the sculptures. The different deviation error values selected for meshing as well as the reduction ratios achieved for the different solutions are presented in Table 1 . The reduction ration ranges from 32.7% up to 95.5%; option 1 with 0 deviation error means that the deviation error is not taken into account, i.e. 100%. Therefore, whatever influence on the results will positively affect the output size of the mesh file, the more the higher the deviation error. The results of the different meshes after changing the deviation errors are displayed in Fig. 11 . As can be realized in Figure 11 , there is some noise in all the meshes, independently of the deviation errors. Moreover, the noise does not correspond with the true surface of the sculpture. On the one hand, there are tiny stripes that cannot be modeled with the selected sampling. On the other, there are some blobs of mortar irregularly spread on the surface's material. Therefore, smoothing was required to minimize the roughness (i.e. maximize the planar continuity in general) of the different surfaces ( Figure 12 ). In particular, normal smoothing with controlled vertices recalculation was carried out to improve the appearance of the meshes. There were small differences in magnitude before and after normal smoothing but the regular appearances obtained after smoothing were visually significant (cf. Figures 11 and 12 ). Comparing metrically the unfiltered meshes with the corresponding filtered meshes, the differences were relatively small. Differences of ±1 mm yielded statistically equivalent values from 60.3% up to 90.3% for option 6 and option 1, respectively. In the contrary, maximum differences in the range of ±1-9 mm were computed with option 6 for 39.7% of the analysed area; for option 1, only 9.8% in the range of ±1-3 mm. Worth noticing is the small differences achieved with option 1 and 2 ( Figure 13-2b) where 84.6% of the analysed area was up to ±1 mm. In fact, the difference images displayed in Figure 13 (a, b and c) show basically noise. Nevertheless, deviation errors equivalent to the error of the laser scanner yielded larger differences than expected for the patch area, minimizing the presence of the mortar among the pieces that shape the sculpture. a b c d Whereas noise is self-evident for option 6 on Figure 13c , it is significant the average compensation of the noise after computing the differences between 6 smooth ( Figure 13c ) and 2 smooth (Figure 13d ). The latter image displays the compensation of the noise coming from option 2 and option 6, yielding smaller differences in the range of ±1 mm for 71.3%, in other words, and improvement of 10% in average quality; only small number of peaks (2) reached up to 8 mm.
After the research on the parameterization for meshing and smoothing, the recommended solution was option 2 after normal smoothing (Figure 12b ). This option yields a balance among the number of triangles, the reduction ratio of the number of triangles (32.7%) and the eventual shape of the output model. This set of parameters was extrapolated from the test patch to the modelling of the whole sculptures, "Mentoring" and "Defensas I". However, option 6 did not yield as bad results as expected beforehand and only around the break lines the output mesh was over-smoothed. The strong reduction ratio of the number of triangles up to 95.5% should not usually be rejected to yield fast and apparent photorealistic 3D models whether the output model is fully texturized with high resolution imagery.
CONCLUSIONS
In this paper we have presented the results of a full 3D digitization of large contemporary art sculptures with a time-of-flight scanner. The output results demonstrate the chances of using terrestrial laser scanners to record geometrically the shape of cultural heritage assets such as large and complex sculptures in gardens, as well as the power of 3D modelling based on range-based solutions plus digital imagery for texturing. Nevertheless, the selection of the right parameterization for modelling is not a trivial step and should be carefully analysed to yield acceptable metric reconstruction.
The improvement of the appearance on the surface of the objects based on imagery is thoroughly demonstrated herein with the two sculptures. Without texturing, a higher resolution 3D model should have been recorded to improve the quality of the digital reconstruction. However, owing to both the size and shape of the sculptures, other optical solutions such as structure light systems or triangulated laser scanners would have required both longer acquisition times and additional equipment to digitize the upper parts of the sculptures.
The high quality photorealistic 3D models can be used for Web dissemination activities, to improve social awareness of cultural heritage value, for restoration and even for monitoring of the state of the objects over time.
